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SULNARY

This paper is devoted to the calculation of ozone density dis-
tribution in the atmosphere in the presence of circulation and as a
function of latitude of the place.

* *

It has been experimentally.established that the ozone content
in the atmosphere and its distribution in height depend essentially
on vertical and horizontal air currents in the atmosphere [1l]. Accord-
inply, the distribution of ozone may serve as an important indicator
of atmosvherie processes and even of the synoptic positions. This imparts
the investiration of ozone and to its variations in the terrestrial globe

scale a direct practical interest,

Theoretically the effect of purely vertical currents on the dis-
tribution of ozone is treated in the work [2].

In the present work we consider the influence on ozone distribu-
tion of a concrete scheme of general atmosphere circulation, including

both, the horizontal and vertical branches of the flow.
\

‘lO RASCHETE VLIYANIYA ZAMKNUTOY VOZDUSHNCY TSIRKULYATSII Ni RAVNOVESNOYE
RA EDELENIYE OZONA V ZEMNOY ATHMOSFERE
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We shall consider a closed air current [3], of which the vertical
and horizontal velocity components, Vy and V¢ , taking into account the 4
continuity equation for the exponentially decreasing with height air den-
sity, may be remnresented in the form
Vi= Voexp{(n — 2(R) (r — Ra)} cos b(r——-P) sin aR (¢ — @o) / sin @, (1)
Ve = —bVoexp {(u—2/R)(r— Rys)}sinb(r -— R) cos aR (9 — ¢o) [ asin ¢.
Her» r is the radius-vector, directed from the center of the
Earth; R is the distance from the latter to the height of the center of
the rerion of flow; Ry is the Earth's radius, ¢ being the complement
to the latitude; ¢o=n/4 is the angle of the region's center; Vo is a
parameter characterizing the macnitude of the velocity; p= 0,125 kn=1 is
the reciprocal to the '"height of uniform atmosphere’, characterizing the
rate of air density decrease with height [4]; a and b define the dimen =
sions cf the flow region in such a fashion, that there be V¢ = O at the
northern and southern boundaries of the region, and Vr = 0 at the upper and
lower, that is
a= %/2R|A¢max],

b= ﬂ/2|A7'maxI,

where A¢max and Armax are the maximum deflections ¢ and r from the cor
sponding coordinates of the region's center,

The current with velocity components (1) will have the form indi-
cated in Fig. 1l by arrows,

The continuity equation for ozone density, with the right-hand part
depending on diffusion and photochemical processes in the atmosphere, deter-
mining the formation and destruction of ozone,

0p /9t + div (pV) = a(po— p) + DV?p, (@)

is resolved in this repion. Here V is the flow velocity vector; & is a
ouantity reciprocal to time of ozone semi-regeneration; D is the diffusion
coefficient; fo is the equilibrium ozone density at ¥V =0, conditioned
only by photochemical processes. It is admitted that

(1 4 sin 2¢) P < n/4,

{1 4+ (2 — sin 2¢)] o> n_/4, )

po = 17(H — 10)3 e-02H

where H is the height above ground.
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The distribution of ozone is searched for in a settled air current,
in which dp /8t =0. In the first approximation, considered here, the effect
of diffusion is not taken into account, that is D =0,

Under these assumptions the ecuation (2) will have the form

AoV, |, 1 9(oVe) | 20Ve | pVeclgo
RAUAE LN TR L LA — — o). 4
or R 0({) i R + R (l(pc p) ( )

Here div (pV) is exvressed in spherical
coordinates with two variables and not in polar ;
it is done so with the view of taking into ac~
count the meridian convergence to the pole in
the simplest possible manner. The unique solu-
tion of the equation (4) will be arrived at if

we start from the condition of ozone density

continuity; the latter is determined by wvarious

metnods in the four sub-regions of our region.
We shall dwell upon this at further length in
the following.

Upon substitution in it of V. and V4 according to the expressions

Fig. 1

(1), the equation (4) will be transformed into

0 do b
—()ir)cosb(r—R)-——:;)—;(;—-E{—ctgulf((p—q)o)sinb(r—R)=
=—po[ueosbr =R+ 1000 [+ EOr e, (5
where o 0
O(r, @) = exp {" : — ;t\ (r—R )__Si_n(.’i_‘.,_m
PP = "R ! 3 sinaR(p — ¢}

This linear nonuniform equation is resolved in partial derivatives
of first order by a standard method, with the aid of integration of an
auxiliary system of ordinary differential equations (6]

dr o do —
cosb(r—R) ~ betgall(op— qo)sin b(r— R)/aR

- do C®
= pTicos b(r— R+ a®(r, @)/ Vol + ape®@(r, @) /Vo




This system's first integral, which is easy to obtain by integra-
ting the first equation of the systew, has the form
cosbh{r - R)cosalt{p—q) =C. (M

After that the solution of the equation is reduced to the integra-
tion of the ordinary differential equation of first order

dp [ a 09 ] ap  D(r, @) 3

24 - ’ - ! (3)
dr + +Vo cosb(r—R) P Vo cosb(r—R) "’

where @ is expressed through r with the aid of (7); this equation may be

written more briefly in the form

do/dr+p(r, c)p = f(r, c). (8a)

The dependence of ozone distribution on photochemical processes
is manifest stronsest of all at heights from 20 to 30km; it is thus ime
portant to assort a function reflecting the true course & precisely in
that interval. On the basis of exverimental data and caleculations, A.V,
Kondrat'yeva has chosen « = auw®H = 6-10~83¢051 ggo = 1 %,

The region of flow is taken in height above the Earth's surface
from 2,5 to 37.,5km (the center is situated at 20kmheight) ; by latitude
it extends from the pole to equator (center: ¢ =an/4). This is obtained by
postulating b = 0,09, aR =2; then b /a = 287,

The solution of the equation (8a) has the form

o(r,c)=_Cexp {— Sp(r, c)dr}-i— exp {— Sp(r, c)dr}x
X S f(r, c)exp {X p(r, c)dr}dr. (9).

At ¢==a/%the quantities p (r,c) and f (r,c) pass to infinity;
however, it may be assumed in this case, as should be expected, that
the solution will be finite. Physically this means that the variation of
ozone density in height is not manifest in the solution on the line
fqr there are no vertical air currents on that line.

In order to conduct integration in the right-hand part of the
equality (9), one must represent the trigonometric functions in the expres=
sions for p(r,c¢) and f£f(r,c) approximately in the form of polynomials
from x = bh (h=H = 2,5km); these polynomials will have, at the same time,

* Evpression for ¢ derived on the basis of calculations in the thesis by
Kondrat'yeva, published in 1962 by the Moscow State University.



a different form at ¢ <n/4 and ¢>a/4 At ¢ < n/4 all the functions will
have the index 1, and at 9 >n/4 -~ the inaex 2.
By the strength of solution's continuity, its "joining" will be
effected at ¢=na/4, that is, it will be assumed that pi(nn/4) = py(r,n/4).
It is admitted approximately, that

sin @ .
c0s b(r— R)sinaR (¢ — .} -

[(0,05 — B4c®) 24 — (0,314 — $01.92c5) 23 +
+ (0,84 — 954,56¢%) 2% — (1,053 — 1013,84¢%) x +
+ (0,75 — 412,584c”)]  at @ << /4,

[(0,125 + B4c?) 2+ — (0,785 -+ 401,92¢%) 2° +

4+ (2,099 4 954,367 a2 — (272 + 1015,84c5) z +
+ (1,876 +412,384¢")]  at ¢ > n/4

Q

(10)

The expressions (10) decrease our region of flow, since we may
utilize them only in specific interval of H and ¢ variation. We shall
conduct the computations for a region, bounded in height by 10 and 30 km,
and by latitudes 20° and 70°. '

The expressions (10, poorly approximate the initial function at
near % /b4, That is why in the band 42,5° < ¢ < 47,5 the calculations
will not take place and it will be approximately admitted that Da(i;42,5°) ==
= p2(z, 47,5°). ~ This is admissible, since in this region the vertical air
currents are very small, and basically they do determine the ozone density
gradient ( as will be seen further).

Utilizing this condition of continuity, we may write the solution

independently from the "joining" at ¢ = 42,5 — 47,59:

Pg,z(x, C) lx=x. _ Fi,Z(x, C) |x==x. F1.2(z’ C)

pi,z(xQ (p) = pi,Z((p) Pi'z (x, C) I)"2 (I, C) Pi'z(x' C) ) ! ‘li) .

where

Py iz, )= exp{ § pu(z, cydz },

F;,,-(x, C) = Sf,-j(x,c)exp {S p;,(z,c)dx}dz,

while the solution, dependent upon the "joining" will be:
.0/00



Poa(z, ) |x=xs Pra(, €) |omoy
P2 ¢ (’r C) I'ft=‘t‘o Pi,Z(‘ta C)
Py (2, €) |e=as Iy (2. 9_!{_:_2 4 Pia(z, ) lo=0s F2.4(, €) | o=, =
Pog(z, ) lomgo Diziz ) Paa(2, €) |o=0. Pra(z, ¢)
Fia(z, e | oma, . Fi2(z, c)

e ' (12)
Pyao(7, ) Pya(z, c)

P12(2, 9) = 01:2(9)

where, upon integration, ¢ is substituted by its expression (7).
%, = 42,5 or 47.5°, x, corresponds to the value of x at H = 20knm,
f* (®) 4s the density of ozone at H=20km. '

The functions pi(z,c), P2z c), fi(z,¢), 2(r,c) revresent the products
of the polynomial from x by the exponent. The expressions of the type
Vizye)exp {§ pi(r,e)drjde (i=1.2) are integrated, expanding the exponent
in series and limiting ourselves to two terms.,

The ozone density Pl in the repion I (Figel) is determined by
formula (11), the density of ozone in the region II (92) is determined by
the formula (12), the density p, in the region III ==by (11) and the
density p, in the region IV~ by formula (12) . At the level x = x,, i, e,
at H=20km, we may compute the ozone density at ¢ <¢, simultaneously
for the rerions I, IV and at ¢ >, — for the regions II, III. By the
strength of the continuity of the function f(x, ¢), the values of this
functions at x = X, are equated at each point, and, according to the
obtained sequence of points we may assort P*(¥) ~ the density of ozome
at H=20km, Therefore, by the strength of the closed state of current
lines, the "boundary condition" is not pre-assigned, and it is obtained
from the solution itself, having at Vo = 10-7 km/sec the form

01" (p) = 215(1 + exp {— 10/ [p — 45°]}),
p" () = 215(1 — exp {—10/ |@ = 45°|}),

and at V_ =2 - 10~7 im/sec (13)

"ot () = 215(1 + exp {—5/|@ — 45°]}),
02" (p) = 215(1 — exp {—12,5 /]9 — #53°}}).

The ozone density was computed at every 5° latitude from 20 to 70°
and at every 2kmheight from 10 to 30 km, Above 30km the calculation
can no longer be conducted, as the limiting of exponent's expansion in
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series to two terms will be already insufficient. Our scheme assumes
that above 37.5km there generally are no currents, while commencing at
about 35km the vertical flows are very small, so that from that height
the ozone distribution may be estimated to be near the photochemical. At
30 - 35 km heights we interpolatethe aporoximate course of ozone density.
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The computations were effected for two different velocities V,
determining the intensity of the whole circulation: 10~7 and 2 -10~7 km/s.




The value V, = 10~7 ¥m/sec corresponds to the maximum vertical velocity
~ 0,4 ¢cm/sec and to the minimum horizontal ~ 1.3 m/sec.

The examples obtained by formulas (11) and (12) of the results
of distribution of equilibrium density of ozone in the presence of atmo=-
sphere circulation at ¢ = 35, 50, 60, 70° are plotted in Fig, 2.

The curves of ozone density are plotted by dashes for Vo = 10"7 km/s
and by stroke~dots — for 2 010-7km/'sec. The solid curve indicates the
distribution of ¢, at V_ =0, according to the expression (3).

It may be seen from these curves, that the indicated scheme of
atmos;here currents provides the distribution of ozone density coinciding
in the whole with the experimental data., Thus, at high latitudes, where
the downward currents are greatest, a sharp increase in the total ozone
content is observed alongside with the lowering of the maximum and the
increase in it of ozone concentration. As to the low latitudes, where
ascending currents are prevalent, the total ozone content drops sharply,
the maximum shifts upward, and the concentration of ozone in it diminishes.
A dual maximum of ozone concentration is also frequently observed. For
the given air current scheme, the upper maximum forms the ascending air cur-
rent, and the lower one — the 'residual" maximum, is conditioned by the
maximum formed by descending air currents at ¢ <mn/4 This maximum gradual-
ly dissipates on account of acsending currents and at lowermost latitudes
it practically vanishes entirely.

It may also be seen from these curves, that the vertical currents
exert a great influence on the distribution of ozone., The greatest varia-
tions of ozone content take place precisely where prevail the greatest
vertical flows. The horizontal currents also influence the distribution of
ozone, but to a substantially lesser degree,

One may notice also that there exists an interval of air current's
vertical velocity, at which the variations of velocity are most manifest
in the distribution of ozone. Beyond the interval, the velocity variations
of a settled current are influencing the ozone distribution immaterially.

The most essential distinection between the results of calculation
and the observations consists in a sharply overrated ozone content at high

latitudes at comparatively low current velocities. This may be partially
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explained by the fact, that we consider a settled current, whereas in
real atmospheric conditions it more or less approaches the settled state,
partiy because of the distinction of our scheme from that of [3], which
consists in that the last current, directed from south to north, spreads
to the heicrht of 70~ 80km, while in our scheme the same amount of air
is "accomodated" to 37,5km height, That is why the "effective” air velo-
city in our scheme results greater. It is nevertheless possible, that
the increased destruction of ozone in the lower layers should also be
taken into account, that is, the aerosol oxidation etcse.., which, so far,
was disregarded here.

In conclusion, the author expresces his gratitude to A, Khe Khrigan

for formulating the probvlem and helvine in the werl,

Moscow State University Received on 14 July 1964,
Physical Faculty
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Consultants & Desirners, Inc. «
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